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DECLARATION OF CQ4NVENTOR ACHING WANG UNDER 37 C.F.R. SL132 

I, I-Ching Wang, declare as follows: 

1 . I am a citizen of Taiwan, currently residing at 727 W. Martin Luther K ing Drive, Apt. 
1005W, Cincimiati, OH 45220. 

2. I am currently a Research Associate, Division of Neonatology, Cincinnati Children's 
Hospital Medical Center. Attached as Exhibit A is my Curriculum vitae, 

3. I am the co-inventor of U.S. Patent Application Serial No. 10/809,144 (the ' 144 
application), filed March 25, 2004. 

4. I am also the co-author of the paper entitled "A cell-penetrating ARF peptide inhibitor of 
Foxml in mouse hepatocellular carcinoma treatment," In the paper, we examined the 
anti-tumor effect of a pi 9ARF protein fi*agment in an in vivo animal tumor model. The 
paper was published in January, 2007, in a peer-reviewed joumal the Journal of Clinical 
Investigation. A copy of the paper is attached to this declaration as Exhibit B. The in 



vivo experiments shown in Exhibit B were conducted following the teachings of the 
disclosure of the '144 application. 

5. The results depicted in Figure 1 of Exhibit B demonstrate that Foxml transcription factor, 
which is also known as FoxMlB, is required for tumor progression in a carcinogen- 
induced mouse liver tumor model. Figure 1 shows that deletion of FoxMl significantly 
diminished tumor progression in preexisting mouse liver tumor induced by carcinogens 
diethylnitrosamine (DEN) and phenobarbitol (PB) exposure (Ex. B, compare Fig. IH 
with 1 J). In vivo induction of tumor in mice by DEN and PB is known in the art and 
further described in the '144 application (See Example 9 of the '144 application). The 
mice used in the in vivo experiments of Exhibit B were derived from the strain C57BL/6, 
the same strain as used in Example 9 of the '144 application. We have not observed any 
substantial differences between mouse strains tested. 

6. Figure 2 of Exhibit B shows that the wild type pl9ARF 26-44 peptide, having a sequence 
of SEQ ID NO: 10 of the *144 application, penetrates mice liver tumor cells in vivo. And 
when inside the cell, the wild type pl9ARF peptide alters the localization of Foxml in 
the cells. Mice were exposed to DEN and PB to from liver tumor. Fluorescently labeled 
pl9ARF peptide was administered to tumor-bearing mice at 5mg/kg of body weight by 
daily intraperitoneal (i.p.) injection for four or eight weeks. Mice that received pl9ARF 
peptide by i.p. injection exhibited positive staining of the peptide in the nucleolus (Ex. B, 
Fig. 2H). Figure 2 also shows that the wild type pl9ARF 26-44 peptide interacted with 
Foxml and altered the nuclear localization of Foxml to the nucleolus (Ex. B, comparing 
Fig. 2L with Fig. 2M). Similar resuhs were seen in in vitro cultured cells transfected 
with the construct V5-TAT-pl9ARF 26-44 (See Example 19, Fig. 16 G of the '144 
application). 

7. Figure 3 of Exhibit B depicts that wild type pi 9ARF 26-44 peptide inhibited tumor 
growth in vivo. Tumor-bearing mice treated with wild type pl9ARF 26-44 peptide for 
eight weeks exhibited diminished hepatocellular tumor proliferation as compared with 
control mice treated with PBS (Ex. B, Fig. 3K, also comparing Fig. 31 and 3J with 3G 
and 3H). 

2 



8. Figure 5 of Exhibit B demonstrates that the reduced tumor proliferation in vivo is likely a 
result of increased apoptosis induced by the wild type pl9ARF 26-44 peptide. H & E- 
stained tumor sections from wild type ARF 26-44 peptide-treated mice revealed many 
rounded up red-stained tumor cells, which is indicative of apoptosis (Ex. B, Fig. 5C-F). 
No red-stained tumor cells were found in H & E-stained liver tumor cells from mice 
treated with PBS or mutant peptide (Ex. B, Fig. 5G-L). 

9. The apoptotic effect of the wild type pi 9ARF peptide is further demonstrated in Figure 6 
of Exhibit B. Figure 6 shows that mouse treated with the wild type peptide exhibited 
significant increase in apoptotic cells as compared to mouse treated mutant peptide or 
PBS as shown by the TUNEL assay (Ex. B, Fig. 6 E, and comparing Fig. 6B with 6 C 
and D). 

10. In summary, Exhibit B discloses results of in vivo tumor inhibition experiments 
conducted following the disclosure of the '144 application. The mice used in the in vivo 
experiments of Exhibit B is derived from the strain C57BL/6, the same strain as used in 
Example 9 of the '144 application. The establishment of a mice tumor model in Exhibit 
B follows the procedures known in the art and substantially as described in the ' 144 
application (See Ex. B, page 107, right column, last paragraph, and Examples 2 and 9 of 
the '144 application). The '144 application teaches administering the peptide into mice 
by i.p. injection (See page 60, line 12 of the '144 application). The peptide was 
administered at a concentration of 0. 1 , 1 , 5, or 1 0 mg/kg body weight, which is within the 
dose range taught in the '144 application (See Ex. B, page 108, left column, second 
paragraph, and page 59, last paragraph of the '144 application). Further, the wild type 
peptide used in the in vivo experiments is identical to the peptide of SEQ ID NO: 1 0 used 
in the '144 application. . 

11. Based on the results in Exhibit B as summarized above, I conclude that wild type 
pl9ARF 26-44 peptide inhibits tumor cell growth in vivo, and that the in vivo results 
correlate with the results described in the ' 144 application. 
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12. I hereby declare that all statements made herein of my own knowledge are true and that 
all statements made on infomnation and belief are believed to be true; and fuither that 
these statements were made with the knowledge that willful false statements and the like 
so made are punishable by fme or imprisonment or both, under Section 1001 of Title 18 
of the United States Code and that such willful false statements may jeopardize the 
validity of the application or any patent issued thereon. 



Respectfully submitted. 





I"Ching Wang, Ph,D. 
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EXHIBIT A 



TO 03-284.E DECLARATION OF CO-INVENTOR WANG 

UNDER 37 CFR 1.132 



I-Ching Wani,;RHi3^^ 



Office: 513-636-3039 

3333 Burnet Ave. NRB 5409, 
Cincinnati, OH 45229-3039 



Cell: 312-593-8019 

i.ching.wang@gmaiLcoin 

727 W. Martin Luther King Drive #1005W, 

Cincinnati, OH 45220 



EDUCATION: 

2006 

1997 
1995 



University of Illinois at Chicago, College of Medicine - Chicago, Illinois 

Ph.D., Molecular Genetics 

National Tsing-Hua University - Hsinchu, Taiwan 

M.S., Life Science, Molecular and Cellular Biology Division 

Tung-Hai University - Taichung, Taiwan 

B.S., Biology 



PATENT APPLICATIQNS FILED 

"Method for Inhibiting Angiogenesis" International Patent Application No. PCT/US2007/064300 Filed March 19, 2007, 
"Methods of inhibiting tumor cell proliferation". United States (US) Patent Application Serial No,200600 14688 filed 
Jan 19, 2006. 

"Methods of Inhibiting Tumor Cell Proliferation with FoxMl siRNA" International Patent Application No. 

PCT/US2005/000276 filed Jun 01,2005 

"Methods of inhibiting tumor cell proliferation". United States (US) Patent Application Serial No.20050032692 filed 
Feb 10, 2005. 

"Methods of treating age-related defects and diseases". United States (US) Patent Application Serial No.20040 109844 
filed Jan 10, 2004, 

RESEARCH EXPERIENCE & EMPLOYMNET: 

2007 Jul- Research Associate, Cincinnati Children's Hospital Medical Center. PI: Dr. Vladimir V. 

present Kalinichenko 

Transcription factor FoxMland FoxFlin lung cancer development/progression. Investigating the role 
Forkhead Box transcription factors in lung cancer carcinogenesis and angiogenesis. 
2007 Apr- Jun Research Professional Associate, University of Chicago. Mentor: PI: Dr. Vladimir V. Kalinichenko 
Transcription factor FoxMl in lung cancer development/progression. Investigating the role Forkliead 
Box transcription factors in lung cancer carcinogenesis. 

2006 - 2007 Postdoctoral Research Associate, University of Illinois at Chicago. PI: Dn Robert H. Costa 
Inhibiting liver tumor cell proliferation with FoxMl siRNA. Research focus involved the study of 
inhibiting liver tumor cell proliferation with siRNA targeted against the proliferation specific 
transcription factor FoxMl. 

2001 - 2006 Ph.D. Thesis Research, University of Illinois at Chicago. Advisor: Dr. Robert Costa 

Forkliead Box Ml Regulates the Transcriptional Network of Genes Essential for Mitotic Progression and 
Cancer Development. Using siRNA gene knock down methodologies, gene knock out (KO) embryonic 
fibroblasts, and chromatin immunoprecipitation (ChIP), I identified target genes for the proliferation 
specific transcription factor FoxMl. These genes include cdc25B, Aurora B, Survivin, Plk-1, Cenp-A 
and Cenp-B, all of which are key regulators of mitotic progression during the cell cycle. Using 
established in-vivo transgenic (TG), knock out (KO), and conditional KO animal models my thesis 
demonstrated a novel and essential role of FoxMl in cell proliferation, embryonic liver development and 
in liver/prostate cancer development. The results of my research have lead to potential therapeutic 
candidates for the treatment of cancer. 

1999 - 2001 Research Assistant, Cardiovascular Research Division, Institute of Biomedical Sciences, Academia 
Sinica, Taiwan. PI: Dr. Tang K. Tang 

Participated in the process to prove the principle that anti-Reactive Oxygen Species (ROS) enzymes 
prevent aging process in mouse. We generated transgenic mice overexpressing antioxidant enzymes, 
Catalase, SOD and G6PDH in mouse red blood cells. Overexpression of these proteins resulted in 
reduced serum oxidative status in transgenic mice. 
1995 - 1997 M.S. Thesis Research, National Tsing-Hua University, Taiwan. Advisor: Dr. Jia-Lin Yang 

Induction of c-JUN N-terminal Kinase Signal Transduction Pathway bv Cadmium Chloride in Human 
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Lung Adenocarcinoma Cells. In this thesis research, I found that heavy metal cadmium increases 
cellular ROS and induces JNK signal transduction pathway. This research provided a molecular 
mechanism for cadmium induced carcinogenesis and apoptosis. 



TECHNICAL EXPERTISE: 

Protein Chromatin Immunoprecipitation (ChIP) Assay ; Western blotting; Immunoprecipitation; Kinase assays; 

Nuclear/Cytoplasmic extract isolation; ELISA; Immunofluorescent/Immunochemistry staining. 

RNA siRNA design and functional test; Real-time qRT-PCR; Northern blotting; RNase protection assays. 

DNA PCR; Subcloning, Genomic DNA isolation and cloning; EMSA; Southern blotting. 

Cell Culture Isolation and culture of primary MEFs; Transfection; Generation of stable cell lines; Adenoviral, 

Retroviral and Lentiviral infection. 
Mouse Exp Intraperitioneal (ip) and intravenous (iv) and injection; Isolation and analysis of paraffin/cryo embedded 
Manipulation mouse tissues; Maintenance and breeding of transgenic and knock-out mouse lines; AAALAC certified 

animal care protocol training. 
Functional Reporter gene assays (Dual Luciferase assay, CAT); Flow cytometry analysis, 
analysis 

Software Proficient in many nucleic acid and protein analysis tools; Microsoft office; Adobe Photoshop; Prism 4 
(Statistics) 

PUBLICATIONS: 

Yoshida Y, Wang IC, Yoder HM, Davidson NO and Costa RH. The Forkhead Box Ml Transcription Factor is required 
for Development and Growth of Mouse Colorectal Cancer. Gastroenterology 2007 Apr; 132(4): 1420-3 1. 

Wang IC, Meliton L, Ramalcrishna S, Tretiakova M, Kalinichenko VV and Kalin TV. The Forkhead BoxMl 
Transcription Factor Accelerates Formation of Lung Tumors and Directly Induces Cox-2 Expression. (Submitted) 

Wang IC, Chen YJ, Hughes DE, Ackerson T, Major ML, Costa RH, Tyner AL, Raychaudhuri P and Lau LF. FoxMl 
transcriptional activates JNKl to promote Gl/S Cell Cycle progression and Tumor Cell Invasiveness. (In Preparation) 

Ramalcrishna S, Kim IM, Petrovic V, Malin D, Wang IC, Kalin TV, Meliton L, Zhao YY, Qin Y, Malik AB, Costa RH, 
and Kalinichenko VV. Myocardium defects and ventricular hypoplasia in mice homozygous null for the Forkhead Box 
ml transcription factor. Dev Dyn, 2007 Mar L5; 236(4): 1000-1013. 

Gusarova GA, Wang IC, Major ML, Kalinichenko VV, Ackerson T, Petrovic V, and Costa RH. A Cell Penetrating 
ARF Peptide Inhibitor of the Foxml Transcription Factor Is an Effective Treatment for Hepatocellular Carcinoma In 

Vivo, J Clin Invest. 2007 Jan; 117(1):99-11L 

Radhakrishnan SK, Bhat UG, Hughes DE, Wang IC, Costa RH and Cartel AL. Identification of a chemical inhibitor of 
the oncogenic transcription factor Forkhead Box Ml. Cancer Res. 2006 Oct 1; 66(1 9):973 1-5. 

Zhao YY, Gao X, Vogel S, Kalinichenko VV, Wang IC, Costa RH, and Malik AB. Endothelial Proliferation and 
Vascular Re-annealing Following Injury Induced by LPS, J Clin Invest. 2006 Sep; 1 16(9):2333-43. 

Kim IM, Ackerson T ,Ramakrishna S, Tretiakova M, Wang IC, Gusarova GA, Yoder HM, Costa RH, and Kalinichenko 
VV. The Forkhead Box ml Transcription Factor Is Essential for Proliferation of Tumor Cells during Development of 
Lung Cancer. Cancer Res. 2006 Feb; 66(4):21. 53-2 161. 

Kalin TV, Wang IC, Ackerson T, Major ML, Detrisac C, Kalinichenko VV, Lyubimov A and Costa RH. Increased 
Levels of the FoxMl Transcription Factor Accelerate Development and Proliferation of Prostate Adenocarcinomas in 
both TRAMP and LADY Transgenic Mice. Cancer Res, 2006 Feb; 66(3): 1712-1720. 

Wang IC, Chen YJ, Hughes DE, Petrovic V, Major ML, Park HJ, Tan Y, Ackerson T, and Costa RH. Forkhead Box Ml 
Regulates the Transcriptional Network of Genes Essential for Mitotic Progression and Genes Encoding the SCF (Skp2- 
Cksl) Ubiquitin Ligase. Mol Cell Biol. 2005 Dec; 25(24): 10875-94. [Highlighted by Microbe, Jan 2006, as one of the 
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best research articles of the month of American Society of Microbiology (ASM) Journals.] 

Costa RH, Kalinichenko VV, Tan Y, and Wang IC. The CAR Nuclear Receptor and Hepatocyte Proliferation. 
Hepatology, 2005 Nov; 42(5): 1004-1008. [Editorial Review] 

Krupczak-Hollis K, Wang X, Kalinichenko VV, Gusarova GA, Wang IC, Dennewitz MB, Yoder HM, Kiyokawa H, 

Kaestner KH, Costa RH. The mouse Forkhead Box ml transcription factor is essential for hepatoblast mitosis and 
development of intrahepatic bile ducts and vessels during liver morphogenesis. Dev Biol 2004 Dec; 276(1 ):74-88. 

Kalinichenko VV, Gusarova GA, Tan Y, Wang IC, Major ML, Wang X, Yoder HM, Costa RH. Ubiquitous expression 
of the forkliead box MIB transgene accelerates proliferation of distinct pulmonary cell types following lung injury. 
J Biol Chem, 2003 Sep; 278(39):37888-94. 

Chuang SM, Wang IC, Hwua YS, Yang JL, Short-term depletion of catalase suppresses cadmium-elicited c-Jun N- 
terminal kinase activation and apoptosis: role of protein phosphatases. Carcinogenesis, 2003 Jan; 24(1):7-15, 

Chuang SM, Wang IC, Yang JL. Roles of JNK, p38 and ERK mitogen-activated protein kinases in the growth inhibition 
and apoptosis induced by cadmium. Carcinogenesis. 2000 Jul; 2 1(7): 1423-32. 

MEETING AND CONFERENCE ABSTRACTS: 

Wang IC, Hughes DE, Ackerson T, Major ML, and Costa RH. Diminished Progression into S-phase in Forkhead Box 
Ml Deficient Mammalian Cells is Associated with Reduced Expression of c-Jun NH2-Kinase 1 (JNKl) and ATF-2. 
FASEB SUMMER RESEARCH CONFERENCES: Liver Growth, Development and Disease, July 22 -27, 2006, 
Snowmass Village, Colorado. 

Gusarova GA, Wang IC, Major ML, Kalinichenko VV, Wang W, Yoder H, Ackerson T, Petrovic V, and Costa RH. A 
Cell Penetrating ARF Peptide Inhibitor of FoxMl in Mouse Hepatocellular Carcinoma Treatment. FASEB SUMMER 
RESEARCH CONFERENCES: Liver Growth, Development and Disease, July 22 -27, 2006, Snowmass Village, 
Colorado. 

Gusarova GA, Wang IC, Major ML, Kalinichenko VV, Ackerson T, Petrovic V, and Costa RH. A cell penetrating ARF 
peptide inhibitor of the Foxml transcription factor is an effective treatment for hepatocellular carcinoma In Vivo. AACR 

97^' Annual meeting, April 1-5, 2006, Washington, DC, 

Wang IC and Costa RH. Mouse embryonic fibroblasts without the forkhead Box MIB (FoxMlB) transcription factor 
fail to execute mitosis and exhibit premature senescence. Molecular Genetics of Aging Meeting. October 6-10, 2004 
Cold Spring Harbor, New York. 

Kalinichenko VV, Krupczak-Hollis K, Wang X, Gusarova GA, Wang IC, Dennewitz MB, Kiyokawa H, Kaestner KH 

and Costa RH. The mouse Foxmlb transcription factor is essential for development of bile ducts and hepatic vessels 
during liver morphogenesis. FASEB SUMMER RESEARCH CONFERENCES: Mechanisms of Liver Growth, 
Development and Disease, August 7 -12, 2004, Snowmass Village, Colorado. 

Costa RH, Kalinichenko VV, Major ML, Gusarova GA, Ackerson T, Wang IC, Wang X, and Petrovic V, The FoxMlB 
transcription factor is a novel therapeutic target for hepatocellular carcinomas. FASEB SUMMER RESEARCH 
CONFERENCES: Mechanisms of Liver Growth, Development and Disease, August 7- 12, 2004, Snowmass Village, 
Colorado. 

Chuang, SM, Wang, IC, Hwua, YS, Yang, JL. Role of JNK activation in genotoxicity induced by cadmium chloride in 
mammalian cells. Page 34, American Cancer Society 8th Annual Research Conference. September 12-13, 1997, East 
Lansing, Michigan. 

PROFESSIONAL AFFILIATE 

2005 - present Member, American Society for Microbiology (ASM) 

2003 - present Member, American Association for Advancement of Science (AAAS) 
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ACADEMIC ACHIEVEMENTS 

2006 The Best Research Article of the Month of ASM Journals. Highlights in (ASM News) Microbe, 2006 
Jan; 1(1):35. 

2001 ~ 2002 Fellowship, Department of Molecular Genetics, College of Medicine, University of Illinois at Chicago - 
Chicago, Illinois 

1995 Third Prize, Thesis Research Competition. Department of Biology, Tung-Hai University - Taichung, 
Taiwan 

1 992 Scholarship of Department of Biology, Tung-Hai University - Taichung, Taiwan 
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EXHIBIT B 



TO 03-284-E DECLARATION OF CO-INVENTOR WANG 

UNDER 37 CFR 1.132 



Research article 

A cell-penetrating ARF peptide 
inhibitor of FoxM1 in mouse 
hepatocellular carcinoma treatment 

Galina A. Gusarova,^ l-Ching Wang,^ Michael L. Major,^ Vladimir V. Kaltnichenko,^ 
Timothy Ackerson,^ Vladimir Petrovic,^ and Robert H. Costa^ 

^Department of Biochemistry and Molecular Genetics, University of Illinois at Chicago, College of Medicine, Chicago, Illinois, USA. 
^Department of Medicine, Pritzker School of Medicine, The University of Chicago, Chicago, Illinois, USA. 



The forkhead box ml (Foxml ) transcription factor is essential for initiation of carcinogen-induced liver tumors; 
however, whether FoxMl constitutes a therapeutic target for liver cancer treatment remains unknown. In this 
study, we used diethylnitrosamine/phenobarbital treatment to induce hepatocellular carcinomas (HCCs) 
in either WT mice or ArJ^^~ RosaZS-FoxMlb Tg mice, in which forkhead box Mlb (FoxMlb) is overexpressed 
and alternative reading frame (ARF) inhibition of FoxMl transcriptional activity is eliminated. To phar- 
macologically reduce FoxMl activity in HCCs, we subjected these HCC-bearing mice to daily injections of a 
cell-penetrating ARF26-44 peptide inhibitor of FoxMl ftmction. After 4 weeks of this treatment, HCC regions 
displayed reduced tumor cell proliferation and angiogenesis and a significant increase in apoptosis within 
the HCC region but not in the adjacent normal liver tissue. ARF peptide treatment also induced apoptosis of 
several distinct human hepatoma cell lines, which correlated with reduced protein levels of the mitotic regula- 
tory genes encoding polo-lilce kinase 1, aurora B kinase, and survivin, all of which are transcriptional targets 
of FoxMl that are highly expressed in cancer cells and function to prevent apoptosis. These studies indicate 
that ARF peptide treatment is an effective therapeutic approach to limit proliferation and induce apoptosis 
of liver cancer cells in vivo. 



Introduction 

Human hepatocellular carcinoma (HCC) is the fifth most com- 
mon cancer, yet it is among the most lethal cancers worldwide 
because late detection and high frequency of tumor recurrence 

render current HCC therapy ineffective (1). The primary etiology 
of human HCC involves HBV and HCV infections, which are pri- 
marily responsible for the high incidence of HCC in Africa and 
Asia and increasing occurrence of HCC in Europe and America 
(1), Persistent hepatic infection by either human HBV or HCV 
results in chronic hepatic inflammatory injury and activation 
of hepatic stellate cells, which oversecrete collagen, leading to 
hepatic fibrosis, cirrhosis, and subsequent development of HCC 
(1). Other causes of human HCC involve hepatic damage and 
fibrosis resulting from iron or copper deposition, alcohol, or non- 
alcoholic steatohepatitis (NASH, or fatty liver disease) as well as 
exposure to the potent hepatic carcinogen aflatoxin Bl produced 
by specific strains of mold (1). 

Activation of the Ras/MAPK signaling pathway drives cell- 
cycle progression by temporal expression of cyclin regulatory 
subunits, which activate their corresponding cyclin-dependent 
kinases (CDKs) through complex formation and phosphory- 
late substrates critical for cell-cycle progression (2), Develop- 
ment of cancer is a multistep process involving gain-of-function 



Nonstandard abbreviations used: ARF, alcemative reading frame; CDK, cyclin- 
dependent kinase; CDKl, CDK inhibicor ; CKO, condicional(ly) KO; D-Arg, D-arginine; 
DEN, diethylnicrosamine; dsRNA, doubie-scranded RNA; Fox, forkhead box; HCC, 
hepacocellular carcinoma; HMEC-1 cell, human microvascular endothelial cell; PB, 
phenobarbical; PLKl, polo-like kinase 1; PUMA, p53-upregulated modifier of apopto- 
sis; TMR., tetramethylthodamine. 

Conflict of interest: The authors have declared that no conflict of interest exists 
Citation for this article: / Clin Invest 117:99- 1 1 1 (2007). doi:10 n72/JCI27527. 



mutations that activate the Ras/MAPK and PBK/Akt signaling 
pathways that stimulate cell-cycle progression and enhance cell 
survival (2, 3). Cancer progression also requires inactivation of 
tumor suppressor genes that function to arrest cell proHferation 
in response to oncogenic stimuli (4). In mouse models of liver 
cancer, loss-of-function mutations in the p53 tumor suppres- 
sor gene or gain-of-function mutations in either the Ras/MAPK, 
PBK/Akt, or TGF-a signaling pathways are known to stimulate 
formation of HCC tumors (5-7). A well-established mouse liver 
tumor induction and promotion protocol is available and con- 
sists of a single postnatal injection of the DNA-damaging dieth- 
ylnitrosamine (DEN; tumor initiator) and continuous admin- 
istration of the tumor promoter phenobarbital (PB) (8), Gene 
expression profiling studies demonstrated that mouse HCCs 
induced by DEN treatment express genes similar to those found 
in the poorer survival group of human HCCs (9), supporting the 
relevance of using DEN-induced mouse liver tumors as a model 
for the study of human liver tumors. 

Expression of the alternative reading frame (ARF) tumor sup- 
pressor protein is induced in response to oncogenic stimuli and 
prevents abnormal cell proliferation through a p53~dependent Gi 
cell-cycle arrest by increasing stability of the p53 tumor suppres- 
sor through nucleolar targeting of the p53 ubiquitin ligase pro- 
tein Mdm2 (10), The ARP protein also mediates p53-independent 
cell-cycle arrest, as the mouse ARF protein targets both the E2F1 
and c-Myc transcription factors to the nucleolus, thus preventing 
their transcriptional activation of S-phase-promoting target genes 
(1 1-14), Loss of ARF function is a critical event for tumor promo- 
tion, as evidenced by extinguished expression of the ARF protein 
in a variety of tumors through DNA methylation and silencing of 
the ARF promoter region (4). 
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Figure 1 

The mouse Foxm1 transcription factor is required for hepatic tumor progression. (A) Diagram depicting experimental design of conditional dele- 
tion of FoxmV'^" in preexisting liver tumors. See Methods for details of DEN/PB treatment of mice to induce HCCs as described previously (8). To 
create the Foxm 7 CKO, mice were injected with synthetic dsRNA to induce expression of the Mx-Cre recombinase transgene (Mx-Cre) to delete 
the mouse FoxmV'"' targeted allele at 30 weeks after DEN/PB treatment, and the mice were then subjected to 10 additional weeks of PB tumor 
promotion and were labeled with BrdU as described In Methods. Controls included dsRNA-treated FoxmP^" mice and PBS-treated Mx-Cre Foxm1^^ 
mice. PN, postnatally. (B-D) dsRNA CKO Mx-Cre Foxml^- liver tumors display no detectable nuclear staining of Foxm1 protein as determined 
by immunostaining with Foxm1 antibody. (E-G) H&E staining of the indicated HCC liver sections after 40 weeks of DEN/PB exposure (tumor mar- 
gins indicated by arrowheads). (H«-J) BrdU incorporation was detected by immunostaining of liver tumor sections with monoclonal BrdU antibody 
from the indicated mice at 40 weeks following DEN/PB exposure. Arrows indicate nuclear staining for either Foxm1 protein or BrdU. (K) Graph of 
mean number of BrdU-positive cells per square millimeter liver tumor (±SD) as described in Methods. The asterisks indicate statistically significant 
changes: **P < 0.01 and ***P < 0.001 . Ad., hepatic adenomas. Magnification: x200 (B~G); x400 (H-J). 



The mammalian forkhead box (Fox) family of transcription factors 
consists of more than 50 mammalian proteins (15, 16) that share 
homology in the winged helix DNA-binding domain (17, 18). Expres- 
sion of FoxMl (or FoxMlb) is ubiquitous in all proliferating mam- 
malian cells, and its expression is induced during the Gi phase of the 
cell cycle and continues during S-phase and mitosis (19-23). FoxMlb 
transcriptional activity requires activation of the RAS/MAPK path- 
way and binding of activated CDK-cyclin complexes to the activation 
domain, which mediate phosphorylation-dependent recruitment of 
the CREB-binding protein (CBP) transcriptional coactivator (24), 
Liver regeneration studies that used the albumin promoter/enhancer 
ere recombinase (Alb-Cre) transgene to mediate hepatocyte-specific 
deletion of the mouse Foxml LoxP/LoxP targeted allele (Foxml^^^) 



demonstrated thatFoswii is required for hepatocyte DNA replication 
and mitosis (25). Foxml -deficient hepatocytes accumulate nuclear 
levels of the CDK inhibitor (CDKI) proteins p2icip^ and p27'^»P^ 
(8, 25) because FoxMl regulates expression of S-phase kinase-asso- 
ciated protein 2 (Skp2) and CDK subunit 1 (Cksl) proteins (26), 
which are involved in targeting these CDKI proteins for degrada- 
tion during the Gi/S transition (27), For Ga/M progression, FoxMl 
regulates transcription of cyclin Bl and the Cdkl-activating Cdc25B 
phosphatase (25, 28), and FoxMl is essential for transcription of the 
mitotic regulatory genes polo-like Idnase 1 (PLKl), aurora B kinase, 
survivin, centromere protein A (CENPA), and CENPB (26, 29, 30). 

We previously used the Alb-Cre transgene to conditionally delete 
the mouse Foxml^^^ allele in hepatocytes prior to DEN/PB liver 
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Table 1 

WT ARF peptide treatment diminishes the number and size of hepatic adenomas and HCCs per square centimeter li ver tissue 



Foxm1 mouse genotype or ARF 
peptide treatment (40 weeks DEN/PB)a 



dsRNA {control) Foxm/ff^/ 

PBS (control) Mx-Cre FoxmP^" 

dsRNA (CKO) Mx-Cre Foxm1-^- 

(FoxMI inhibitor) WT ARFzm4 peptide treatment 

(Control) mutant ARF37-44 peptide treatment 



No. miceB 



No. liver tumors between 
0.1 and 2.0 mm^ in slze^ 



No. Ad. 

2.8 ± L8 
1,3 ±07 
2.2 ±17 
1.6 ±0.6^ 

4.9 ±1,5 



No. HCCs 

7.1 ±4.0 

9.2 ±4.6 
3.0±1.1E 
3.0 ± 2.1 f 

117 ±2.7 



No. liver tumors greater 
than 2.0 mm^ in size^ 



No. Ad. 

2J±1.3 
3.9 ±1.5 
0.22 ± O.4E 
2.1 ± 0,8"^ 
4.5 ±0.9 



No. HCCs 

47 ±1.3 
2,1 ±1,1 
0.2 ± 0# 
0 

4.9 ±1.4 



ASee Methods for details of conditional deletion of FoxmV"" targeted allele and for induction of hepatic tumors in response to DEN/PB exposure and treat- 
ment with WT ARF26-44 peptide or mutant ARF37-44 peptide. ^No. mice: number of male mice analyzed for liver tumors after 40 weeks of DEN/PB exposure, 
c "^We determined the number of liver tumors per square centimeter liver tissue (±SD) from H&E-stained liver sections obtained from 4 different mouse liver 
lobes Hepatic adenomas (Ad.) or HCCs found in mouse livers between 0.1 mm^ and 2 mm^ in size (C) or greater than 2 mm^ in size (°). Statistically sig- 
nificant changes: < 0.05; < 0.01 . We compared tumor size of WT ARF2&-44 peptide-treated versus mutant ARF37-44 peptide-treated liver tumors. We 
also compared liver tumor size in dsRNA CKO Mx-Cre Foxml-^- and control mice. 



tumor induction. FoxMl -deficient hepatocyr.es failed to proliferate 
and were resistant to the development of hepatic tumors (8, 31), This 
tumor resistance was associated with increased nuclear levels of the 
CDKI protein p27^'P^ and undetectable levels of the CDKl activator 

Cdc25B phosphatase (8, 31). The FoxMl transcription factor was 
identified as a novel inhibitory target of the mouse ARF tumor sup- 
pressor, and structure-function studies demonstrated that amino 
acid residues 26-46 of the mouse ARF protein were sufficient to 
inhibit FoxMl (8). Furthermore, treatment of osteosarcoma U20S 
cells with a cell-penetrating ARF26-44 peptide containing 9 N-termi- 
nal D-arginine (D-Arg) residues (WT ARF26-44) (32, 33) significantly 
reduced FoxMl function in this cancer cell line (8). Moreover, we 
previously developed Tg mice in which the Rosa26 promoter was 
used to drive ubiquitous expression of the human FoxMlb cDNA, 
and increased FoxMlb levels stimulated proliferation of pulmonary 
cells in response to lung injuiy (34) and stimulated development 
and progression of prostate cancers in both TRAMP/Rosa26-FoxMlb 
and LADY/Rosa26-FoxMlb double-Tg mice (35), 

In this study, we used the Mx promoter-driven Cre recombinase 
(Mx-Cre) transgene (36) to conditionally delete the Foxml^-^f^ allele 
in preexisting mouse liver tumors induced by DEN/PB treatment 
and demonstrated that FoxM l is required for tumor progression of 
hepatic cancer cells. We show that administering the WT ARF26-44 
peptide to mice following DEN/PB exposure is an effective treatment 
to diminish Foxml function in vivo, causing selective HCC apopto- 
sis and reduced proliferation and angiogenesis in HCC regions. We 
also show that Atf^' Rosa26-FoxMlb Tg mice, in which FoxMlb is 
overexpressed and ARF inhibition of FoxMl transcriptional activity 
is eliminated, developed highly proliferative liver tumors following 
DEN/PB exposure. We showed that WT ARF26-44 peptide treatment 
of these A}f^~ Rosa26-FoxMlb Tg mice efficiently diminished HCC 
proliferation and selectively induced apoptosis of the HCC region. 

Results 

The mouse Foxml transaiption factor is required for hepatic tumor progres- 
sion. We previously showed that conditional deletion of Foxml in 
hepatocytes prior to DEN/PB liver tumor induction is sufficient to 
inhibit hepatic tumor initiation (8, 31). Here, we determined that 
Foxml is required for hepatic tumor progression. In order to do so, we 
used the IFN-a/p-regulated Mx-Cre transgene (36) to conditionally 
knock out (CKO) or delete thtFoxmlfl^^ targeted allele in preexisting 



liver tumors induced by the DEN/PB exposure (8). We induced 
HCC in mice with 30 weelcs of DEN/PB exposure, and then induced 
MX'Cre expression with synthetic double-stranded RNA (dsRNA) 
to CKO the Foxml^^fl targeted allele. Mice were then subjected to an 
additional 10 weeks of PB tumor promotion protocol (Figure lA). To 
achieve long-term BrdU labeling of the liver tumors, the mice were 
then given drinking water containing 1 mg/ml of BrdU for 4 days 
(8, 37). The Mx-Cre transgene efficiently deleted the Foxml^fl targeted 
allele, as evidenced by the absence of detectable nuclear staining of 
FoxMl protein in liver tumors of dsRNA CKO Mx-Cre Foxml-^- mice 
compared with control liver tumors (Figure 1, B-D). 

We used liver sections stained with H&E to determine the num- 
ber of tumors per square centimeter of liver tissue (Figure 1, E-G). 
To calculate the area or size of liver tumors, we used micrographs of 
H&E-stained liver tumor sections taken with an Axioplan 2 micro- 
scope (Zeiss) and the Axio Vision program (version 4.3; Zeiss). After 
40 weeks of DEN/PB exposure, control mice displayed hepatic 
adenomas and HCCs that were larger than 2 mm^ in size (Table 1). 
Deletion of Foxml in preexisting hepatic tumors in dsRNA CKO 
Mx-Cre Foxml~^~ mice caused a significant reduction in the number 
of liver tumors larger than 2 mm^ in size compared with control 
liver tumors after 40 weeks of DEN/PB exposure (Table 1). We next 
measured tumor cell proliferation by determining the number of 
hepatic tumor cells that immunostained positive for BrdU incor- 
poration (Figure 1, H-J). Compared with controls, dsRNA CKO 
Mx-Cre Foxml~^~ mice displayed an 80% reduction in the number 
of liver tumor cells that stained positive for BrdU after 40 weeks of 
DEN/PB treatment (Figure IK). Taken together, these results indi- 
cate that deletion ofFoxml in preexisting liver tumors significantly 
diminished proliferation and growth of hepatic cancer cells. 

The cell-penetrating WTARF26~44 peptide targets the endogenous mouse 
FoxMl protein to the nucleolus of hepatic tumor cells. We previously syn- 
thesized a cell-penetrating ARF26-44 peptide fused to 9 N-terminal 
D-Arg residues (32, 33), which efficiently transduced into osteo- 
sarcoma U20S ceils and inhibited FoxMlb transcriptional activity 
(8), Treatment of U20S cells with 12 m-M of (D-Arg)9-ARF26-44 (WT 
ARF26-44) peptide fluorescently tagged with tetramethylrhodamine 
(TMR) targeted nuclear GFP-FoxMlb green fluorescence colocalized 
with red WT ARF26-44 peptide fluorescence in the nucleolus (Figure 2, 
C and D). In contrast, GFP-FoxMlb protein remained nuclear in 
U20S cells when treated with a TMR fluorescently tagged mutant 
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Figure 2 

The WT ARF26-44 peptide targets the liver tumor FoxMI pro- 
tein to the nucleolus. (A) Experimental design diagram of ARF 
peptide treatment of liver tumor-bearing mice. Liver tumors 
were induced in mice with DEN/PB exposure, and then they 
were subjected to daily l.p, injections of the WT ARF26-44 
peptide or mutant ARF37-W14 peptide (Mut. ARF37-.44 peptide) 
as described in Methods. (B-F) GFP-FoxMlb protein is tar- 
geted to the nucleolus by the WT ARF26^4 peptide. U20S 
cells were transfected with GFP-FoxM1b expression vector 
and were either left untreated or incubated for 48 hours with 
TMR fluorescently tagged WT ARF26-44 peptide (C and D) or 
mutant ARF37-^4 peptide (E and F) and then analyzed for GFP 
(green) or peptide (red) fluorescence. (G) TMR fluorescence 
labeling revealed that the WT ARF26^4 peptide was localized 
to the hepatocyte cytoplasm and nucleolus (white arrow) and 
in the hepatic mesenchymal cells (yellow arrow). (H and I) Both 
mutant ARF37-44 peptide and WT ARF26-44 peptide are targeted 
to the hepatocyte cytoplasm and nucleolus (white arrows) as 
determined by laser confocal microscopy, Immunostaining 
of tumor sections with antibody specific to either NPM pro- 
tein (black arrows) (J) or FoxM1 protein (K-M). WT ARF26-44 
peptide targets tumor FoxM1 to the nucleolus (black arrows), 
whereas FoxM1 remains nuclear after treatment with mutant 
ARF37^4 peptide or PBS (red arrows). Magnification: x400 
(B-F and J-M); x200 (G); and x600 (H and I). 



(D'Arg)9-ARF37_44 (mutant ARF37_44) peptide (Figure 2E), which 
lacked the amino acids 26-37 required to interact with the FoxMlb 
protein (8). Because Arg-rich sequences are sufficient for nucleolar 
targeting (38), the mutant ARF37-44 peptide fluorescence also local- 
ized to the nucleolus of U20S cells (Figure 2F), We did not observe 
any signal in the absence of the ARF peptide (data not shown). 

Dose-response curve determined that only i.p, injection of 5 mg/kg 
body weight or greater of the TMR fluorescently tagged WT 
ARF26-44 peptide was detectable in cytoplasm and nucleolus of 
hepatocytes and in hepatic mesenchymal cells at 24 hours after 
administration (Figure 2G; see Methods). After 32 weeks of 
DEN/PB liver tumor induction, we subjected FoxmW^ mice to 
daily i.p. injections of 5 mg/kg body weight of the WT ARF26-44 
peptide or mutant ARF37.44 peptide for 4 weeks and of WT ARF26-44 
peptide for 8 weeks (Figure 2A). After 4 weeks of treatment with 
TMR fluorescently tagged ARF peptides, laser confocal micros- 
copy of paraffin-embedded mouse liver tumor sections revealed 
that ARF peptide fluorescence localized to the hepatocyte cyto- 
plasm and nucleolus (Figure 2, H and I) and was uniformly dis- 
tributed throughout the liver parenchyma (data not shown). The 
FoxMl protein staining in WT ARF26-44 peptide-treated liver 
tumor sections was partially localized to the nucleolus in hepatic 
tumor cells (Figure 2L, black arrows), which was similar to the 
immunostaining pattern of the nucleolar protein nucleophos- 
min (NPM; Figure 2J, black arrows). In contrast, mutant ARF37_44 
peptide- or PBS-treated liver tumor cells displayed only nuclear 
FoxMl staining (compare Figure 2K and Figure 2M, red arrows). 
These studies demonstrate that the WT ARF26-44 peptide reduces 



in vivo function of FoxMl by partially targeting the endogenous 
FoxMl protein to the nucleolus of hepatic tumor cells. 

WTAKF26-44 P^P^^^ diminishes proliferation and size of liver tumors. We 
next determined the number of hepatic tumor cells that incorporat- 
ed BrdU in mice treated with WT ARF26-44 peptide, mutant ARF37-44 
peptide, or PBS. Significant reduction in BrdU incorporation was 
found in liver tumors that had been treated with the WT ARF26-44 
peptide for 4 or 8 weeks compared with mouse liver tumors treated 
with mutant ARF37-44 peptide or PBS (Figure 3, A-K). Compared 
with control treatment, treatment with the WT ARF26-44 peptide for 
8 weeks significantly reduced tumor growth and prevented devel- 
opment of HCCs larger than 2 mm^ in size (Table 1). These results 
indicate that treatment with the WT ARF26-44 peptide is an effective 
method with which to reduce proliferation and growth of HCCs, 

We previously demonstrated that tumor resistance in Foxml-^" 
hepatic tumors was associated with persistent nuclear acaimulation 
of the CDKI protein p27^''P^ (8), WT ARF26-44 peptide-treated HCC 
cells displayed increased nuclear levels of the p27'^'P^ protein, which 
were similar to those found with dsRNA CKO Mx-Cre Foxml'^" liver 
tumors (Figure 4, B and E). In contrast, p27*^'P^ immunostaining 
was predominantly cytoplasmic in mutant ARF37~44 peptide- or 
PBS-treated mouse HCCs (Figure 4, A, C, D, and F). These stud- 
ies indicate that the WT ARF26-44 peptide is effective in reducing 
FoxMl function in vivo and that nuclear accumulation of p27'^'P^ 
protein was associated with reduced hepatic tumor proliferation. 

WT ARF 26-44 psp^^^^ causes selective apoptosis of hepatic tumor cells. 
Analysis of H&E-stained liver tumor sections from mice treated 
with the WT ARF26-44 peptide revealed that many of the hepatic 
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Figure 3 

Treatment of mice with the WT ARF26-44 peptide diminishes proliferation of mouse hepatic tumors. 
Hepatic tumors were induced in FoxmV'^" mice with DEN/PB treatment, and then they were treated with 
dally i.p. Injections of 5 mg/kg body weight of WT ARF26-44 peptide or mutant ARF37-^4 peptide or PBS 
for 4 or 8 weeks as described in the Figure 2A legend. These ARF peptide-treated mice were given 
drinking water with 1 mg/ml of BrdU for 4 days before sacrifice in order to obtain long-term labeling of 
the liver tumors (37). Arrows indicate nuclear staining for BrdU incorporation, and arrowheads show liver 
tumor margins, (A-J) BrdU incorporation was detected by immunohistochemical staining of liver tumor 
sections with monoclonal BrdU antibody from mice treated with the indicated ARF peptides. (K) Graph 
of mean number of BrdU-positive cells per square millimeter liver tumor {±SD) following treatment with 
WT ARF26-t4 peptide or mutant ARF37-44 peptide or PBS. We calculated the mean number (±SD) of 
BrdU-positive hepatocyte nuclei per square millimeter liver tumor from 3 distinct mice treated with ARF 
peptide as described in IVIethods. The asterisks indicate statistically significant changes: **P ^ 0,01 and 
***P s 0.001. Magnification: x200 (A-J). 



adenomas and HCC tumor cells stained red and exhibited disrup- 
tion of nuclear membrane, which is indicative of apoptosis (Figure 5, 
A-F). These red-staining cells were found neither in the surround- 
ing normal liver tissue (Figure 5, A-F) nor in hepatic tumors from 
mice treated with either the mutant ARF37_44 peptide or PBS 
(Figure 5, G-L). Furthermore, these apoptotic tumor cells were not 
apparent in deficient livers in dsRNA CKO Mx-Cre Foxml'^- mice 
(Figure 1, E-G), a finding consistent with our previous tumor 
studies with Alb-Cre Foxml-^- livers (8). 

We used a fluorescence-based TUNEL assay to determine that 
mouse HCC cells treated with WT ARF26-44 peptide exhibited a sig- 
nificant, 22% increase in apoptosis (Figure 6, A, B, and E). In con- 
trast, very few apoptotic HCC cells were found after treatment with 
mutant ARF37_44 peptide or PBS (Figure 6, C~E). Immunostaining 
of liver tumor sections with proteolytically cleaved activated cas- 
pase-3 protein confirmed this selective apoptosis of mouse HCC 
cells treated with WT ARF26-44 peptide with no proapoptotic stain- 
ing in the adjacent normal liver tissue (Figure 6, F-H). These stud- 
ies show that the WT ARF peptide selectively induces apoptosis of 
HCC ceils without damaging adjacent normal hepatocytes. 

DEN/PBtreatrtwntinducedhi^jlypYX)lifh'ativeHCCsinArf^~ 
Tg mice that were responsive to WT ARF26-44 peptide treatment. We previ- 



ously showed that the ARF tumor 
suppressor targets the FoxMlb 
protein to the nucleolus and inhib- 
its its transcriptional function 
(8), Furthermore, we showed that 
increased expression of the human 
FoxM lb cDNA in Rosa26-FoxMlbTg 
mice (34) stimulated development 
and progression of prostate cancers 
in both TRAMP/Rosa26-FoxMlb 
and LADY/Rosa26'FoxMlb double- 
Tg mice (35), In order to develop a 
new genetic model of HCC that is 
highly dependent on the FoxMlb 
transcription factor, we crossed the 
Rosa26'FoxMlb Tg mice into the 
Arf^" mouse background. After 33 
weeks of DEN/PB treatment, Arf^' 
Rosa26-FoxMlb Tg mice developed 
highly proliferative HCCs, and their 
HCC cells displayed a proliferation 
rate of 6,000 BrdU-positive cells per 
square millimeter tumor (Figure 7J), 
which is approximately 30-fold great- 
er than that observed in DEN/PB- 
induced HCCs in WT mice (Figure 3K; 
200 BrdU-positive cells per mm^ 
tumor). The DEN/PB-treated Arf^- 
Rosa26-FoxMlb Tg livers also exhib- 
ited development of necrosis and 
fibrosis/cirrhosis (data not shown). 
These HCC tumor-bearing Arf-^" 
Rosa26-FoxMlb Tg mice were sub- 
jected to daily treatment with either 
the WT ARF26^4 peptide or mutant 
ARF37.44 peptide for 4 weeks. In 
Arf/- Rosa26-FoxMlb Tg mice, WT 
ARF26~44 peptide treatment resulted 
in a significant, 84% reduction in BrdU labeling of HCC cells com- 
pared with treatment of these mice with either mutant ARF37-44 
peptide or PBS (Figure 7, A-C and J)~ Red-staining HCC cells with 
disruption of nuclear membrane indicative of apoptosis were found 
in H&E-stained liver tumor sections from Atf^- Rosa26-FoxMlb Tg 
mice treated with the WT ARF26-44 peptide but not from those treat- 
ed with mutant ARF37_44 peptide or PBS (Figure 7, D-F). We used 
a fluorescence-based TUNEL assay to determine that A)f^- Rosa26' 
FoxMlb Tg HCC cells treated with WT ARF26.44 peptide exhibited 
a 42% increase in apoptosis (Figure 7K), which was twice as high as 
in liver tumors from WT mice (Figure 6E). Furthermore, TUNEL- 
positive cells were restricted to the HCC region (white arrowheads) 
and were not detected in adjacent normal liver tissue (Figure 71). In 
contrast, very few apoptotic HCC cells were found after treatment of 
Arf/~ Rosa26'FoxMlb Tg mice with mutant ARF37-44 peptide or PBS 
(Figure 7, G, H, and K), These Arf~^' Rosa26-FoxMlb Tg liver tumor 
studies show that the WT ARF26-44 peptide is effective in diminish- 
ing BrdU labeling of highly proliferative HCC cells and selectively 
induces apoptosis of HCC cells in these mice without damaging 
adjacent normal liver tissue. 

WTARF26-44 peptide inhibits angiogenesis of the HCC region. Angio- 
genesis is critical to mediating HCC growth, and the endothelial 
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Figure 4 

WT ARF26~44 peptide treatment causes nuclear accumulation of p27^^^^ pro- 
tein in mouse HOC tumors. (A-F) Nuclear accumulation of pa/^'P^ protein In 
HCC tumors from WT ARF26^4 peptide-treated mice and dsRNA Mx-Cre 
Foxm1^- mice. Hepatic tumors were Induced in FoxmP"' mice with DEN/PB 
treatment, and then they were treated with daily i,p. injections of 5 mg/kg 
body weight of WT ARF26-44 peptide (B) or mutant ARF37-44 peptide (0) or 
PBS (A) for 4 weeks as described in the Figure 3A legend. (D-F) The Foxm l 
gene was genetically deleted in preexisting liver tumors of dsRNA Mx-Cre 
Foxml-'- mice versus control dsRNA FoxmV"^' and PBS Mx-Cre FoxmV" 
as described in the Figure 1 legend. Liver tumor sections from the indicated 
mice were immunohistochemically stained with the p27^'p^ antibody. Arrows 
Indicate nuclear staining for p27'^'p^ protein, and arrowheads show liver tumor 
margins. Magnification, x200. 



cells of new HCC capillaries exhibit expression of the CD34 pro- 
tein (39-41), Abundant CD34 staining was found in endothelial 
ceils of HCC regions in PBS or mutant ARP37-44 peptide-treated 
mice (Figure 8, A and B) and from dsRKA CKO Mx-Cre Foxml'^- 
mice (Figure 8D). In contrast, expression of the CD34 protein was 
not detected in the HCC region from WT ARF26-44 peptide-treated 
mice (Figure 8C). These results suggest that WT AI^26~44 peptide 
treatment was preventing HCC angiogenesis, which was likely 
caused by apoptosis of new HCC endothelial cells (Figure 6B; 
small apoptotic cells). In order to determine whether WTARF26~44 
peptide induces apoptosis of endothelial cells, we treated human 
microvascular endothelial cells (HMEC-1 cells) for 48 hours with 
100 \iM of WT ARF26-44 peptide or mutant ARF37-44 peptide or 
with PBS and then assayed for apoptosis as described in Methods. 
This analysis revealed that WT ARF26-44 peptide treatment induced 
a significant increase in apoptosis of HMEC-1 cells compared with 
treatment with mutant ARF37_44 peptide or PBS (Figure 8E). These 
studies suggest that WT ARF26-44 peptide is able to induce apop- 
tosis of endothelial cells, which contributes to WT ARF peptide- 
mediated reduction in HCC angiogenesis, 

Reducedleuels oftheantiapoptoticsurvivin protein conhibute to WTARF26-44 
peptide-induced HCC apoptosis. We have shown that FoxMl regulates 
transcription of survivin (26), which complexes with aurora B kinase 
to mediate its proper localization during mitosis (42-44). Survivin is 
also a member of the inhibitor of apoptosis (lAP) protein family and 
is selectively overexpressed in tumor cells to prevent their apoptosis 
(45-48)„ Mutant ARF37_44 peptide- or PBS-treated liver tumors dis- 
played abundant nuclear and cytoplasmic staining of survivin pro- 
tein (Figure 8, E and F), and survivin expression was restricted to the 
mouse HCC region (data not shown). Nuclear levels of survivin were 
diminished in HCC regions from WT ARF26-44 peptide-treated and 
dsRNA CKO Mx-Cre Foxml-/- mice (Figure 8, G and H). Western blot 



analysis revealed that Foxml~/~ liver tumors displayed a 60% 
decrease in expression of survivin protein (Figure 8, 1 and J), 
and no apoptosis was detected in these FoxMl-deficient liver 
tumors (Figure 1, E-G), A more drastic, 90% decrease in sur- 
vivin protein levels was found in hepatic tumors from WT 
ARF26-44 peptide-treated mice (Figure 8, H-J), Our hepatoma 
data presented below (Figure 9) support the hypothesis that 
WT ARF26-44 peptide treatment results in hypomorphic lev- 
els of FoxMl activity, which reduces expression of mitotic 
regulators to levels that are insufficient to properly execute 
mitosis leading to apoptosis, whereas depleting FoxMl levels 
leads to mitotic arrest. 

The nucleolar nucleophosmin/B23 (NPM/B23) protein 
(49, 50) and the p53 negative regulator, Mdm2 protein (51), 
associated with the ARF tumor suppressor protein through 
ARF amino acid sequences 1-15 and 26-37, which partially 
overlapped with our WT ARF26-44 peptide sequence. Despite 
this partial overlap, Western blot analysis enabled us to deter- 
mine that neither WT ARF26-44 peptide treatment nox Foxml 
deficiency altered expression of NPM, p53, or Mdm2 pro- 
teins in liver tumor extracts (Figure 8, J and K, and data nor 
shown), suggesting that the ARF26-44 peptide sequence was 
insufficient to influence their expression levels in vivo. The 
proapoptotic Bcl-2 family member p53-upregulated modifier 
of apoptosis (PUMA) is a transcriptional target gene of p53 
that is essential for both p53 transcriptional and cytoplasmic- 
dependent apoptosis (52-55). Western blot analysis showed 
that neither WT ARF26-44 peptide nor mutant ARF37-44 
peptide treatment caused significant change in expression of PUMA 
in liver tumor extracts (Figure 8K), suggesting that this apoptosis of 
HCC cells did not involve the p53/PUMA proapoptotic pathway. 

WT ABF peptide-induced apoptosis ofhmnan hepatoma HepG2 cells cor- 
relates tmth diminished expression of surviving PLKl, and aurora B kinase. We 
used the TUNEL assay to determine that human hepatoma HepG2 
cells (Figure 9, A-E), PLC/PRF/5 ceils that express mutant p53 pro- 
tein, and p53-deficient Hep3B cells exhibited 50% apoptosis after 24 
hours of treatment with 25 |xM of WT ARF26-44 peptide (Figure 9E), 
whereas only low levels of apoptosis were detected in these cells fol- 
lowing treatment with mutant ARF37-44 peptide or PBS (Figure 9E), 
Diminished levels of p53 protein through p53 siRNA silencing of 
HepG2 cells did not influence apoptosis in response to WT ARF26-44 
peptide treatment (Figure 9F). In addition, p53 protein levels were 
unaltered in HepG2 cells after 24 hours of treatment with WT 
ARF26-44 or mutant ARF37_44 peptide (Figure 9F). Furthermore, pro- 
tein expression of the p53 downstream proapoptotic target PUMA 
was unchanged in HepG2 cells in response to increasing concentra- 
tions of the WT ARF26-44 peptide (Figure 91). These results suggest 
that WT ARF26-44 peptide-induced apoptosis was independent of the 
p53/PUMA proapoptotic pathway (52-55), Moreover, HepG2 cells 
in which FoxMl levels were depleted by electro poration of FoxMl 
no. 2 siRNA duplexes were resistant to apoptosis in response to WT 
ARF26.44 peptide treatment (Figure 9F), suggesting that induction of 
apoptosis by the WT ARF peptide was dependent on FoxMl levels. 

Tumor cells are known to express high levels of the mitotic regu- 
lators PLKl, aurora B kinase, and survivin proteins, which func- 
tion to prevent their apoptosis (45, 48, 56-62). Previous studies 
demonstrated that U20S cells transfected with siFoxMl #2 duplex 
were blocked in mitotic progression and exhibited undetectable 
levels of FoxMl and its downstream target mitotic regulators 
PLKl, aurora B kinase, and survivin (26), Consistent with these 
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Figure 5 

H&E-stained liver tumors from mice treated with WT ARF26~44 peptide. Hepatic tumors were induced in 
FoxmV'^" mice with DEN/PB treatment, and then they were treated with daily l.p, injections of 5 mg/kg 
body weight of WT ARF26-44 peptide or mutant ARF37^4 peptide for 4 or 8 weeks (see Figure 2A 
legend). Arrows indicate red-staining cells undergoing apoptosis, and arrowheads show liver tumor 
margins. (A-F) H&E-stained liver tumor sections from WT ARF26^4 peptide-treated mice revealed 
that many of the hepatic adenomas and HCC tumor cells stained red and were rounded up, which is 
indicative of apoptosis, E and F are higher-magnification images of C and D, No red-staining apoptotic 
cells were found in either the surrounding, normal liver tissue or in liver tumors from dsRNA CKO 
Mx-Cre Foxml-^- mice (see Figure 1, E-G). (G-L) No red-staining tumor cells were found in H&E- 
stained liver tumor sections from mice treated with either PBS or mutant ARF37-^4 peptide. Magnification, 
x200 (A-D and G-L); x400 (E and F). 



studies, FoxMl-depleted HepG2 cells exhibited undetectable pro- 
tein levels of survivin, PLKl, and aurora B kinase (Figure 9G). We 
electroporated HepG2 cells with siFoxMl #2 or control p27^'P^ 
siRNA (siP27) and grew the cells in culture for 2 days to allow for 
siRNA silencing, and then 2 x 10^ HepG2 ceils were plated in trip- 
licate, and viable HepG2 cells were counted at 2, 3, 4, or 5 days 
following electroporation„ These cell-growth studies showed that 
FoxMl -deficient HepG2 cells were unable to grow in culture and 
gradually detached from the plate with time in culture (Figure 9H), 
In contrast, HepG2 cells treated with WT ARF26-44 peptide exhibited 
a less severe reduction in levels ofsurvivin (50%), PLKl (80%), and 
aurora B kinase (80%) proteins compared with controls (Figure 9I)„ 
We also determined a growth curve of HepG2 cells at 1, 2, or 3 days 
following treatment with WT ARF26-44 peptide, mutant ARF37_44 
peptide, or PBS. Although the WT ARF26-44 peptide-treated HepG2 
cells displayed 50% apoptosis (Figure 9E), they were able to sustain 
the number of cells initially plated (2 x 10^), suggesting that the 
WT ARF peptide-treated cells were able to proceed through the 
cell cycle (Figure 9J), These results are consistent with recent stud- 
ies in which hypomorphic levels of FoxMl protein (40% of WT 
FoxMl levels) in breast cancer cell lines transfected with a different 
Foxml siRNA duplex reduced expression of mitotic regulators to 
levels that are insufficient to properly execute mitosis, leading to 
mitotic catastrophe and apoptosis (63). Based on these findings, 
we propose the hypothesis that WT ARF26-44 peptide treatment 
causes hypomorphic levels of FoxMl activity, leading to apoptosis, 
whereas depleting FoxMl levels results in mitotic arrest. However, 
we have not ruled out other possibilities. 



Discussion 

Patients with HCCs have poor prog- 
noses because late detection and 
high frequency of tumor recurrence 
render current HCC therapy ineffec- 
tive (1), One of the potentially cura- 
tive approaches in HCC therapy is 
based on interfering with HCC pro- 
gression by blocking cell division 
and selectively inducing tumor cell 
apoptosis. In this study, we demon- 
strated that FoxMl is required for 
proliferation of mouse liver cancer 
cells during tumor progression. To 
pharmacologically reduce in vivo 
activity of FoxMl in HCC, mice were 
subjected to daily injections with 
a cell-penetrating ARF26~44 peptide 
inhibitor of FoxMl function. After 
4 weeks of ARF peptide treatment, 
FoxMl protein was partially local- 
ized to the nucleolus of HCC cells, 
and these hepatic tumor cells dis- 
played reduced proliferation and 
angiogenesis with selective induc- 
tion of HCC apoptosis (Figure 9K). 
Reduced tumor cell proliferation in 
FoArmi-deficient and WT ARF26-44 
peptide-treated tumors was associat- 
ed with nuclear accumulation of the 
CDKI protein p27^P, which is known 
to negatively regulate proliferation 
of HCC cells in mouse liver cancer models (64), In contrast, mice 
treated with the cell-penetrating mutant ARF37-44 peptide, which 
is missing ARF sequences required for interaction with the FoxMl 
protein (8), did not change nuclear localization of FoxMl protein 
and failed to influence proliferation, apoptosis, or angiogenesis of 
HCC cells. Our current studies show that treatment with the WT 
ARF26-44 peptide effectively diminishes proliferation and induces 
apoptosis of HCC cells by reducing FoxMl function in vivo. 

In order to develop a new genetic model of HCC that is highly depen- 
dent on FoxMlb transcription factor, we crossed Rosa26-FoxMlb 
Tg mice, which ubiquitously expressed the human FoxMlb cDNA 
transgene (34), into the Ayf^- mouse background. Use of the Arf^' 
Rosa26-FoxMlb Tg mice allowed us to overexpress the FoxMlb 
protein and eliminated ARF tumor suppressor inhibition of the 
FoxMlb protein. After 33 weeks of DEN/PB treatment, Arf^- 
Rosa26-FoxMlb Tg mice exhibited highly proliferative HCC cells 
that displayed approximately 30-fold more BrdU incorporation 
than that found in WT mice in which liver tumors were induced by 
DEN/PB exposure. After 4 weeks of treatment with the WT ARF26-44 
peptide, the Arf^" Rosa26'FoxMlb Tg mice exhibited a significant 
reduction in BrdU incorporation, and apoptosis was induced in 
twice the number of HCC cells. The results suggest that these high- 
ly proliferative hepatic tumors with increased levels of FoxMlb pro- 
tein are more susceptible to WT ARF26~44 peptide-induced apopto- 
sis and display diminished prolifer ation of HCC cells. 

Increased expression of antiapoptotic survivin protein in human 
HCC and stage 11 colorectal carcinomas correlates with reduced 
apoptosis, poor patient outcome, and tumor recurrence follow- 
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Figure 6 

WT ARF26-44 peptide treatment induces selective apoptosis 
of mouse HOC. (A-D) Liver tumor sections were stained for 
apoptotic cells using the TUNEL assay. Mice treated with WT 
ARF26^4 peptide for either 4 or 8 weeks exhibited a significant 
increase in tumor cell apoptosis as evidenced by TUNEL-pos- 
itlve staining (green fluorescence; indicated by white arrows), 
whereas mutant ARF37^4 peptide- or PBS-treated mice dis- 
played very few apoptotic cells In HCC tumors, (E) Quantita- 
tion of TUNEL-positive staining cells. Triple asterisks indicate 
statistically significant change at ***P ^ 0.001 . (F-H) Selective 
apoptosis is detected in HCC tumor cells in mice treated with 
WT ARF2&-44 peptide by immunostaining with antibody specific 
to proteolytically cleaved activated caspase-3 protein. Arrows 
indicate nuclear staining for activated caspase-3 protein, and 
arrowheads show liver tumor margins. Magnification, x400 
(A-D and H); x200 (F and G). 



ing treatment (46-48). Proliferating tumor ceils are known to 
constitutively express high levels of the mitotic regulators PLKl, 
aurora B kinase, and survivin proteins, while normal cells only 
express these proteins in the G2 phase and mitosis. Experiments 
that reduced expression of these mitotic regulators with siRNA 
transfection or reduced their activity with specific kinase inhibi- 
tors caused increased apoptosis and diminished growth of cancer 
cells (45, 48, 56-62). We found that HCC regions and HepG2 cells 
expressed high levels of PLKl, aurora B kinase, and survivin, all of 
which are FoxMl transcriptional target genes (26). Previous stud- 
ies demonstrated that Foxml-^- mouse embryonic fibroblasts or 
FoxMl -depleted U20S cells were blocked in mitotic progression, 
failed to undergo apoptosis, and were associated with undetectable 
levels of PLKl, aurora B kinase, and survivin (26). Interestingly, we 
showed that WT ARF26-44 peptide treatment induced significant 
apoptosis in human hepatoma HepG2 cells, PLC/PRF/5 cells that 
express mutant p53 protein, and pSi-deficient Hep3B cells. We 
also showed that siRNA silencing of FoxMl levels in HepG2 cells 
reduced apoptosis in response to WT ARF26-44 peptide treatment, 
suggesting that ARF-dependent apoptosis of this hepatoma cell 
line required FoxMl expression. Furthermore, we showed that 
FoxMl-depleted HepG2 ceils failed to grow in culture and dis- 
played undetectable levels of the mitotic regulators PLKl, aurora 
B kinase, and survivin proteins (Figure 9). In contrast, treatment of 
HepG2 cells with the WT ARF26-44 peptide resulted in less drastic 
reductions in expression of survivin, PLKl, and aurora B kinase 
protein and allowed growth of HepG2 cells in culture but resulted 
in a significant induction of apoptosis (Figure 9). Consistent with 
these findings, published studies demonstrated that hypomorphic 
levels of FoxMl protein (40% of WT FoxMl levels) in breast can- 
cer cell lines transfected with a different Foxml siRNA duplex 
reduced expression of mitotic regulators to levels that are insuf- 
ficient to properly execute mitosis, leading to mitotic catastrophe 
and apoptosis (63), Taken together, our results suggest that WT 
ARF26-44 peptide treatment of cancer cells results in partial inhibi- 
tion of Foxml activity, leading to mitotic catastrophe and apopto- 



sis caused by reducing expression of the mitotic regulators PLKl, 
aurora B kinase, and survivin proteins to levels that are insufficient 
for proper mitotic progression, 

Angiogenesis of HCC cells is a critical event that serves to increase 
blood supply to the growing tumor, and CD34 protein is expressed 
on new sinusoid-like endothelial cells of HCC capillaries (39-41). 
Mice treated with our WT ARF26-44 peptide failed to develop new 
CD34-positive endothelial cells in HCC capillaries (Figure 8C), 
whereas HCC angiogenesis was not affected in dsRNA CKO 
Mx-Cre Foxml'^- mice. One explanation for the difference between 
these mice is that the WT ARF26-44 peptide may also be inducing 
apoptosis of CD34-positive endothelial cells in HCC capillaries, 
thus preventing angiogenesis of HCC regions required for tumor 
growth and expansion (Figure 9K). This is supported by the fact 
that WT ARF26-44 peptide treatment induces apoptosis of HMEC-1 
cells in vitro (Figure 8E). Although the WT ARF26-44 peptide induc- 
es apoptosis of HepG2 cells in vitro, we cannot rule out the possi- 
bility that this WT ARF peptide is also inducing apoptosis of HCC 
cells by preventing tumor angiogenesis, thus limiting blood supply 
required for efficient growth of HCCs. 

The WT ARF26-44 peptide sequences required to inhibit Foxml 
function do not completely overlap with ARF coding regions essen- 
tial to inactivating other cell-cycle regulators. For example, both 
amino acid regions 1-14 and 26-37 of the ARF protein are required 
for association and nucleolar targeting of the p53-negative regula- 
tor Mdm2 protein (65) and the NPM/B23 protein (49, 50). Consis- 
tent with the specificity of our WT ARF peptide treatment of mice, 
we found no changes in liver tumor expression of Mdm2, p53, 
or NPM/B23 proteins in vivo, and apoptosis was independent of 
increased expression of PUMA, a p53 target gene required for medi- 
ating apoptosis (52-55). The ARF tumor suppressor protein also 
mediates nucleolar targeting of both the proliferation-specific E2F1 
and c-Myc transcription factors (11-14), However, there is no over- 
lap with our WT ARF26-44 peptide sequence or the ARF sequences 
necessary for association with the E2F1 (ARF sequences 6-10 and 
21-25) protein (66) and c-Myc (ARF sequences 1-14) protein (12), 
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Figure 7 

WT ARF26-44 peptide treatment reduces proliferation and 
increases apoptosis of HCOs, wlilch were Induced in Arf^^ 
Rosa26-FoxM1b Tg mice by DEN/PB. Highly proliferative HOC 
tumors were induced in Arf-'- Rosa26'FoxM1 b Tg mice follow- 
ing 33 weeks DEN/PB treatment. Tlie Arf^- Rosa26-FoxM1b 
Tg mice received daily i.p. injections of the WT ARF26-14 peptide 
(inhibitor of FoxM1 function) or mutant ARF37-44 peptide or PBS 
for 4 weeks. (A-C) Liver tumor sections were subjected to 
immunohistochemical staining with BrdU monoclonal antibody 
to determine HCC proliferation. Liver tumor sections were his- 
tologically stained with H&E (D and E) to identify red apoptotic 
cells or stained for apoptosis using the TUNEL assay (G-l). 
Black arrowheads Indicate the boundaries of the HCC tumor, 
and white arrowheads (I) indicate the boundary of the HCC 
region, (J) We counted the BrdU-posltive cells in HCCs and 
used this information to calculate the number of BrdU-positlve 
cells per square millimeter liver tumor tissue (±SD). (K) We 
counted the TUNEL-posltlve cells in HCCs and used this infor- 
mation to calculate the percent HCC apoptosis (±SD). P values 
calculated by Student's f test: s 0.001 . Magnification: x200 
{A~~F);x100 (G-l). 



Cotransfection assays in U20S cells demonstrated that expres- 
sion constructs containing ARF 26-37 sequences were unable to 

effeccively inhibit FoxMlb transcriptional activity, suggesting that 
inhibition of FoxMl function requires the entire ARp26-4^t peptide 
sequence (data not shown). Furthermore, the in vitro experiments 
with FoxMl-deficient HepG2 cells showed a clear relationship 
between FoxMl and WT ARF26-44 peptide-mediated apoptosis. 
Moreover, a recent study has shown that translation initiation 
produces an ARF protein product initiating at methionine amino 
acid residue 45 and that this N-terminal-truncated ARF protein 
is localized to the mitochondria and induces caspase-independent 
cell death (67). Because these ARF26-44 peptide sequences are not 
contained within this N-terminal-truncated ARF polypeptide, the 
WT ARF26-44 peptide utilizes a mechanism that is distinct from the 
caspase-independent function of this N~terminal~truncated ARF 
peptide. Based on these studies, the WT ARF26-44 peptide will spe- 
cifically reduce Foxml function in vivo to limit growth of HCC and 
induce HCC apoptosis without diminishing the function of other 
known inhibitory targets of the ARF tumor suppressor protein 

After i.p, injection, the absorbed WT ARF26-44 peptide enters the 
portal circulation and then flows to the hepatic sinusoid capillaries, 
which are lined with fenestrated endothelial cells that allow efficient 
delivery of the ARF peptide to the underlying hepatocytes and hepat- 
ic mesenchymal ceils (68). However, WT ARF26-44 peptide treatment 
of mice did not cause side effects because it could not transverse the 
endothelial cell barrier of blood vessels to intestinal, colonic, pulmo- 
nary, pancreatic, or kidney epithelial cells (data not shown). Likewise, 
ARF peptide fluorescence also remained in the vessel endothelial 
cells of bone marrow, spleen, and thymus yet was undetectable in the 



hematopoietic cells of these organs, which correlated with normal 
distribution of white and red blood cells in mice treated with this WT 
ARF26-44 peptide (data not shown). Administration of WT ARF26-44 
peptide by i.p, injection is therefore a selective method for hepatic 
delivery of this ARF peptide in vivo to limit liver tumor progression 
and selectively induce apoptosis of HCC cells. 

IVIethods 

Mx'Cre-mediated deletion of the FoxmlP^fl alkie in mouse liver tumors induced 
by DEN/PB exposure. Generation of C57BL/6 mice containing Foxmlf^^f 
was described previously (25), and they were bred into the C57BL/6 
mouse background for 8 generations. The type I IFN-inducible Mx-Cre 
Tg C57BL/6 mice (C57BL/6TgN Mx-Cre mice) were purchased from The 
Jackson Laboratory. The Mx-Cre Tg C57BL/6 mice were bred with FoxmlP^fl 
C57BL/6 mice, and the ofFspting were screened for A&c-Cre Foxmlfl^* mice. 
These mice were then backcrossed with FoxmlP^fl C57BL/6 mice to generate 
MX'Cre FoxmlP^P CS7BL/6 mice- Mx-Cre FoxmlP^f C57hL/6 mice were bred 
with FoxmlP^P C57BL/6 mice co generate a sufficient number of mice for 
the liver tumor experiments. Charles J.. Sherr (St Jude Children's Research 
Hospital, Memphis, Tennessee, USA) provided the Arf-^' C57BL/6 mice 
(69), The Arf/- C57BL/6 mice were backcrossed with the Rosa26-FoxMlb 
FVBN Tg mice, which ubiquitously express the human FoxMlb cDNA 
(34), CO generate Arf^~ Rosa26-FoxMlb Tg mice. 

At 14 days after birth, each mouse in the litter received a single, i.p. 
injection of the tumor initiator DEN (5 jxg/g body weight; catalog N0756; 
Sigma-Aldrich) to induce liver tumors (8), Two weeks later, male mice were 
given water containing 0.025% PB tumor promoter for the duration of the 
experiment (8), At 30 weeks of DEN/PB exposure (which leads co HCC 
formation), we subjected Mx-Cre Foxmlfl^P mice to 3 consecutive i.p, injec- 
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Figure 8 

WT ARF2&-44 peptide reduces angiogenesis and sutvivln expression In mouse HCC. The CD34 protein is a marker for newly formed sinusoid-like 
capillaries in HCC regions (39-41 ), whereas survivin is critical in preventing apoptosis of tumor cells (45-48). Antibodies specific to either CD34 
or survivin were used to immunostain HCC tumor sections from mice treated with mutant ARF37^4 peptide, WT ARF26^4 peptide, or PBS or from 
dsRNA CKO Mx-Cre Foxm1-^~ mice. (A-D) Mice treated with WT ARFae-^ peptide display no CD34-posjtlve endothelial cells in HCC capillar- 
ies, whereas CD34 staining (indicated by arrows) was abundant in endothelial cells of control mouse HCCs. (E) WT ARF26-44 peptide Induces 
apoptosis of HMEC-1 cells. HMEC-1 cells were treated for 48 hours with 100 jxM of WT ARF26-^4 peptide or mutant ARF37-44 peptide or with 
PBS and then assayed for apoptosis as described in Methods, Shown graphically Is the percent apoptosis of HMEC-1 cells in response to ARF 
peptide treatment. (F-l) Reduced survivin expression in WT ARF26-44 peptide-treated and Foxml-^" liver tumors. Arrows indicate nuclear staining 
for survivin protein, (J) Western blot analysis reveals significant decrease in survivin protein expression in WT ARF26-44 peptide^-treated mouse 
tumors. (K) No decrease in expression of NPM protein or p53-regulated proapoptotic PUMA protein is found in WT ARF26-44 peptide-treated 
mouse tumors. A slight Increase In hepatic tumor levels of PUMA was found in mice treated with dsRNA. Magnification, x400. 



dons (separated by 1 day) of 250 of synthetic sRNA polyinosinic-poly- 
cytidylic acid [poly(I-C); Sigma-Aldrich] (36) to induce expression of the 
Mx-Cre transgene and cause deletion of the Foxml^^P allele in preexisting 
liver tumors. We continued PB administration in the drinking water for 

an additional 10 weeks to allow tumor growth. Livers from mice sacrificed 
by CO2 asphyxiation were dissected and paraffin embedded for histologi- 
cal staining or immunostaining and for isolation of protein extracts as 
described previously (8). All protocols used in this study were approved by 
the animal protocol committee at the University of Illinois at Chicago. 

Treamientofynice with DEN/PB-induced liver tumors with WrARF26-44 peptide or 
mutant ARF37-44 peptide. Genemed Synthesis Inc. synthesized the WT ARF26~44 
peptide (rrrrrrrrrKFVRSRRPRTASCALAFVN) or mutant ARJF37-44 peptide 
(rrrrrrrrrSCALAFVN), both of which contain 9 N-cerminal D-Arg (r) residues 
(32, 33) and which are TMR fluorescently tagged (red) at the N-terminus We 
chose to i p. inject mice with this cell-penetrating WT ARF26-44 peptide to 
efficiently deliver this peptide to the liver in vivo In order to determine the 
effective concentration of dose of the ARF peptide for efficient liver delivery, 
mice were subjected to i,p. injection of 0 1, 1, 5, or 10 mg/kg body weight 
of TMR fluorescently tagged WT ARF26-44 peptide and were sacrificed 24 
hours later, after which their livers were dissected, formalin fixed, and paraf- 
fin embedded as described previously (25) Liver sections were treated with 
xylene to remove paraffin wax and then examined by fluorescence micros- 
copy for red peptide fluorescence. This dose-response curve determined that 
i,p. injection of either equal to or greater than 5 mg/kg body weight of TMR 
fluorescently tagged WT ARF26-44 peptide was detectable in cytoplasm and 
nucleolus of hepatocytes and in hepatic mesenchymal cells at 24 hours after 



injection. Based on these studies, hepatic tumors were induced in FoxmlP^^ 
mice by 32 weeks of DEN/PB exposure, and then they were subjected to daily 
i.p. injections of 5 mg/kg body weight of the WT ARF26-44 peptide or mutant 
ARF37.44 peptide for 4 weeks and with WT ARF26-44 peptide for 8 weeks. After 
33 weeks of DEN/PB treatment, Arf^- Rosa26'FoxMlb Tg mice were subjected 
to daily i p. injections of 5 mg/kg body weight of the WT ARF26.44 peptide 
or mutant ARF37-44 peptide for 4 weeks. Liver tumor-bearing mice were also 
administered sterile PBS as controls, 

BrdU labeling immunohistochemical staining, and TUNEL apoptosis assay. 
To monitor hepatic cellular proliferation, PB was removed 4 days prior 
to the completion of the experiment, and mice were placed on drinking 
water with 1 mg/ml of BrdU for 4 days before they were sacrificed (8, 37). 
Hepatic tumor cell DNA replication in liver sections was determined by 
immunohistochemical detection of BrdU incorporation as described previ- 
ously (8), We used an affinity-purified rabbit polyclonal antibody specific to 
FoxMlb protein (1:500 dilution), which was generated against amino acids 
365-748 of the human FoxM lb protein as described previously (26). We also 
used the following antibodies specific to the mouse anti-BrdU (Bu20a, 1:100; 
Dako), rabbit anti-cleaved caspase-3 (5A1, 1:100; Cell Signaling Technol- 
ogy), rabbit anti-survivin (1:250; Novus Biologicals), mouse anti-Kipl/p27 
(1:100; BD Biosciences), and rat anti-CD34 (RAM34, 1:100; BD Biosciences) 
for immunohistochemical detection of S-jim liver sections using methods 
described previously (8, 23, 25, 29). To measure apoptosis in mouse livers, we 
used the TUNEL assay on liver sections using the ApopTag Fluorescein In 
Situ Apoptosis Detection Kit from Intergen according to the manufacturer's 
recommendationss We calculated the mean number (±SD) of TUNEL- or 
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Figure 9 

WT ARF26-^4 peptide-lnduced apoptosis of human hepatoma cell lines. Human hepatoma HepG2 (A-E), PLC/PRF/5 (expressing p53 mutant 
protein), or Hep3B (p53-deflcient) cells were treated for 24 hours with 25 \xM of WT ARF26^4 or mutant ARF37-^4 peptide; they were then analyzed 
for apoptosis by TUNEL assay, and percent apoptosis (±SD) was calculated (E; ***P ^ 0.001). Merged DAPI and TUNEL staining (A and 0) 
Images show TUNEL-posltlve nuclei of HepG2 cells (white arrows; B and D). (F) Graphic representation of WT ARF26-44 peptide-treated HepG2 
cells showing that apoptosis Is induced in p53-depleted cells but not In FoxMI -deficient cells. Western blot analysis is presented below the 
graph, showing effective downregulation of p53 protein levels following p53 siRNA electroporatlon and that treatment with WT ARF26^4 (WT) 
or mutant ARF37-i4 peptide (M) does not alter p53 protein levels. (G and I) At 48 hours after electroporatlon with siFoxMI no, 2 or p27 siRNA 
duplexes (G), or treatment with WT or mutant ARF peptide (I), HepG2 cells were analyzed for protein expression of sun/ivin, PLK1 , and aurora 
B kinase by Western blot analysis. We also determined a growth curve of HepG2 cells at the indicated days following siRNA transfection (H) or 
at the indicated days after ARF peptide treatment (J) as described in Methods. (K) Model summarizing findings In this article with WT ARF26-44 
peptide. Magnification, x400. 



DAPI'positive hepacocyce nuclei per 1,000 cells or x200 field by councing 
the number of positive hepacocyce nuclei using 5 difFerenc x200 fields of liver 
tumor sections from male mice at the indicated times of DEN/PB exposure. 

We used 5 liver tumor sections from 3 mice to calculate the mean number 
of BrdU-positive cells (±SD) per square millimeter liver tumor. To calcu- 
late the area or size of liver tumors, we used micrographs of H&E-stained 
liver tumor sections taken by an Axioplan 2 microscope (Zeiss) and the 
Axio Vision program (version 43; Zeiss). 

Western blot analysis. For Western blot analysis, 75 fig of total protein 
extracts prepared from liver were separated on SDS-PAGE and transferred 
to a PVDF membrane (Bio-Rad) as described previously (25).. The following 
commercially available antibodies and dilutions were used for Western blot- 
ting: mouse anti~Pik-l (F-8, 1:500; Santa Cruz Biotechnology Inc), mouse 
anti-p53 (FL-393, 1:500; Santa Cruz Biotechnology Inc), mouse anti-MDM2 
(SMP14, 1:500; Santa Cruz Biotechnology Inc.), mouse anti-p-actin (AC- 15, 



1:5,000; Sigma-Aldrich), mouse anci-aurora B kinase/AIM-1 (1:1,000; BD 
Biosciences), rabbit anti-survivin (1:2,000; Novus Biologicals), mouse anci- 
PUMA (1:1,000; Cell Signaling Technology), and mouse anti-NPM/B23 
(1:15,000; Zymed). The primary antibody signals were amplified by HRP- 
conjugated secondary antibodies (Bio-Rad) and detected with Enhanced 
Chemiluminescence Plus (ECL Plus; Amersham Biosciences), Western blot 
analysis was performed with liver extracts from 2-4 mice per indicated time 
point following DEN/PB treatment, and signal intensities were normalized 
to p-actin signals. Quantitation of expression levels was determined with tiff 
files from scanned films using the BioMax ID software program (KodaJ<). 

Treatynent of doxycydine-mducible U20S C3 cells with WTARF26~44 peptide or 
mutant ARF37-.44 peptide. We previously reported on the generation and growth 
of an osteosarcoma U20S clone C3 cell line (U20S C3 cells) that allowed 
doxycycline-inducible (Dox-inducible) expression of the GFP-FoxMlb 
fusion protein (24). For induced expression of the GFP-FoxMlb fusion 



The Journal of Clinicallnvestigadon hctp://www. jd org Volume 117 Number 1 January 2007 



109 



research article 



protein, we added 1 l^g/ml of Dox (Sigma-Aldrich), In order to determine 
the FoxMlb localization in U20S C3 cells, they were treated with 12 |.iM 
of the TMR fluorescently tagged WT ARP26-44 or mutant ARF37-44 peptide 
for 24 hours. U20S C3 cells were fixed with 10% buffered formalin (Fisher 
Scientific) for 20 minutes at room temperature and rinsed with PBS, and 
cover glasses were mounted with VECTASHIELD Mounting Medium with 
DAPI (catalog H-1200; Vector Laboratories). Immunofluorescence was 
detected using an Axioplan 2 microscope 

Treatment of human hepatoma cell lines with WTARF26-44 or mutant ARF^r^i 
peptide and siRN A transfection. HepG2 cells were plated on 100-mm plates in 
Ham's F-12 medium supplemented with 10% FCS, 100 lU/ml penicillin, 
100 ^ig/ml streptomycin, 2 mM t-glutamine, and 0 5 U Humulin (insulin; 
Lilly), HepG2 cells were treated with 12 }.iM, 25 f.iM, or 50 f.iM of WT ARFze-ii 
peptide or mutant ARF37..J4 peptide for 24 hours and used to prepare 
whole-cell protein extracts using the NP40 lysis buffer as described previ- 
ously (26), and Western bloc analysis was performed as described above> 
HepG2 cells were treated with 25 of WT ARF26-44 peptide or mutant 
ARF37-44 peptide for 24 hours, and HepG2 cell apoptosis was determined 
by TUNEL assay using the ApopTag Fluorescein In Situ Apoptosis Detec- 
tion Kit from Intergen according to the manufacturer's recommendations. 
We calculated the percent apoptosis of HepG2 cells (±SD) by counting the 
number of TUNEL-positive cells (green fluorescence) per 1,000 nuclei as 
visualized by DAPI (blue fluorescence) counterstaining. 

Human hepatoma PLC/PRF/5 and Hep3B cell lines (ATCC) were grown 
as a monolayer on 100-mm plates in DMEM supplemented with 10% FCS, 
100 lU/ml penicillin, 100 ^ig/ml streptomycin, and 2 mM L-glutamine. 
Human hepatoma PLC/PRP/5 and Hep3B cells were treated with 25 ^M 
of WT ARF26-44 peptide or mutant ARF37.4.} peptide for 24 hours, and cells 
undergoing apoptosis were determined by TUNEL assay as described above„ 

Transfection of human cells with FoxMl siRNA duplexes (Dharmacon 
RNA Technologies), named siFoxMl no. 1 (CAACAGGAGUCUAAU- 
CAAG) and siPoxMl no. 2 (GGACCACUUUCCCUACUUU), efficiently 
depleted FoxMl levels as described previously (26), We also previously used 
the human p27'<^P^ siRNA duplex (GUACGAGUGGCAAGAGGUGUU) as 
a control siRNA, which did not influence expression of the FoxMl gene 
(26), Human p53 siRNA duplex was purchased from Cell Signaling Tech- 
nology Inc. These siRNA duplexes were transfected into HepG2 cells using 
the Nucleofector II apparatus and buffers recommended by the manufac- 
turer (Amaxa Biosystems). Fort)'-eight hours after electroporation to allow 
siRNA silencing, HepG2 cells were treated with 25 [,iM of WT ARF26-44 
peptide or mutant ARF37-44 peptide for 24 hours and then examined for 
apoptosis by TUNEL assay. HepG2 cells were harvested at 72 hours after 
FoxMl siRNA or p27 siRNA transfection to prepare protein extracts for 
Western blot analysis to examine expression of PUMA, survivin, PLKl, and 
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